Summary The effect of cryosurgery on normal liver and liver tumour was investigated using 60 
animals, the appropriate groups treated with cryosurgery and after thawing red cell flux was monitored over the tumour and at the edge of the cryolesion and over the corresponding normal area in controls. In certain animals red cell flux was measured at hourly intervals for 8 h, and in further groups at 24 h and at 2 weeks after cryosurgery. Results demonstrated that cryosurgery significantly reduced (P< 0.01) red cell flux in both normal and tumour liver, immediately after treatment. Red cell flux remained significantly reduced (P< 0.005) at 8 h after treatment but by 24 h had returned to preoperative levels which was maintained at 2 weeks. The results suggest that microcirculatory shutdown may be a contributing factor to the tumour necrosis occurring after cryosurgery.
Cryosurgery is the use of freezing to destroy living tissues and has been used in the treatment of liver metastases from colo-rectal carcinoma (Charnley et al., 1989) . It is thought that cryosurgery causes tumour necrosis due to the formation of ice crystals in the cells (Whittaker, 1984) . Previous studies in our laboratory have demonstrated that in liver with implanted HSN fibrosarcoma, treatment with cryosurgery results in tumour destruction with no evidence of regrowth at 6 weeks (Bayjoo, 1992) . If the tumour was excised immediately after treatment, tumour cells were viable and could be grown in culture in vitro (Bayjoo, 1992) implying that an additional secondary host factor may contribute to the tumour destruction. The studies also identified alterations in the immunological status up to 11 days after treatment. Natural killer (NK) cells from peripheral blood were found to have increased cytotoxic potential in vitro whereas NK cells of splenic origin had decreased cytotoxic potential in vitro (Bayjoo et al., 1991) . However little attention has been given to the local effects of cryosurgery on the tumour blood supply. It has been shown that large blood vessels may act as a heat sink to freezing (Gage et al., 1985; McIntosh et al., 1985) while smaller vessels such as arterioles and venules are less resistant with evidence of damage and gap formation in the endothelium cryosurgery resulting in extravasation of intraluminal contents (Whittaker, 1984) .
Based on these observations, it was hypothesised that cryosurgery may result in a reduction in blood flow in normal or tumour-bearing liver by disruption of the microcirculation resulting in hypoxia. The aim of the study therefore was to monitor blood flow in normal liver and in an implanted sarcoma before and up to 2 weeks after cryosurgery using Laser Doppler Flowmetry (LDF).
Material and methods

Animals
Experiments were carried out on a total of 60 
Cryosurgery was performed using the CS-76 Frigitronics cryounit. The cryo-probe was placed in contact with the liver tumour or normal tissue and freezing continued until the freezing edge advanced well beyond the margin of the study area. The tissue was allowed to thaw and then frozen againdouble freeze thaw cycle. Throughout the studies a double freeze thaw cycle was used since this has been demonstrated to be more damaging than a single cycle (Neel et al., 1971c) possibly due to the increase in thermal conductivity following the initial freeze which makes subsequent cycles more effective (Whittaker, 1984) . Sham cryosurgery consisted of the same protocol without freezing the tissue.
Statistical analysis
Wilcoxon signed rank test for non-parametric data was used to analyse paired data (within group comparison) and the Mann Whitney U test for non-parametric data to analyse unpaired data (between group comparison).
Results
Before cryosurgery there were no significant differences in red cell flux between any of the study groups (Table I) ; red cell flux was greater in the tumour than normal liver but this did not reach statistical significance. However immediately after cryosurgery in Groups A and B, red cell flux in the treated areas was almost zero (P<0.O1; Table I ). The degree of reduction in red cell flux was similar in both tumour and normal liver after cryosurgery. Sham cryosurgery had no effect on red cell flux in either groups C or D (Table I) .
Eight hours after treatment red cell flux in Groups A and B remained significantly reduced (P<0.005; Figure 1 ). However there was more variation in red cell flux in the tumour group than in the normal liver. Twenty-four hours after cryosurgery, red cell flux in Groups A and D had returned to pre-operative levels and were similar to red cell flux in untreated animals and remained normal at 2 weeks in all groups (Table I ). There was no difference between red cell flux from the centre or the edge of the frozen area in any of the groups or the times recorded (Table I) .
At 2 weeks tumours were noted to have been destroyed completed in all cryosurgery groups and replaced by a shallow scar. Similar lesions were noted in the normal livers treated by cryosurgery.
Discussion
Red cell flux measured using the laser doppler flowmeter (Tenland, 1982) methods of measuring blood flow such as hydrogen gas clearance (Gana et al., 1987) . The data demonstrate that cryosurgery produces a substantial reduction in blood flow immediately after freezing. This reduction is similar in both tumour and normal liver and is still present 8 h after cryosurgery. Furthermore by 24 h, the blood flow to the tumour and cryolesion had returned to pre-operative levels and was maintained at 2 weeks. Cells suspensions of implanted tumours from rat livers removed immediately after cryosurgery were found to contain very few viable cells assessed using trypan blue exclusion. However trypan blue uptake is not an infalable indicator of cell death. It has been well described that trypan blue exclusion does not only indicate cell death, but also unhealthy cells (Jacob et al., 1985) . The ultimate test of viability is the ability of cells to grow in cell culture and to become established in a new host. These tumour cells were (19) 81±6 (17) 86±7 (17) 91 4 (14) After cryo T 11 ±5 (19) oa (17) 82±6 (10) 93±4 (14 cultured in vitro and were viable after 4 days of incubation. New host animals received tumour cell suspension from animals which had undergo cryosurgery, in 50% of animals a liver tumour had developed within 4 weeks of implantation. However tumours left in situ underwent necrosis (Bayjoo, 1992) . While cryosurgery undoubtedly kills a large proportion of cells and damages the remainder, a further host factor may contribute to cell death in vivo after cryosurgery. The microcirculatory shutdown reported here may cause a reduction in tissue oxygenation for a sufficient length of time to result in cell death. It may be that freezing causes cytotoxic damage which is rendered irreversible by the subsequent microcirculatory shutdown.
The importance of the effect of cryosurgery in normal liver is demonstrated by the necessity of the cryolesion to include a rim of normal liver beyond the tumour without which tumour recurrence is inevitable. This may be due to the microscopic extension of the lesion but may also reflect the significance of vascular shutdown in the vessels from which the tumour derives its blood supply.
It is also important to state that although the red cell flux as measured using laser doppler flowmetry was equal in tumour and normal liver this does not necessarily imply that blood flow in these two very different tissues are similar (Smits et al., 1986) .
In conclusion, cryosurgery of normal liver and implanted tumour in the rat produces a sharp reduction in the microvascular blood flow in the treated area. This reduction in flow is maintained for at least 8 h but reversed by 24 h. This effect may contribute to the mechanism of action of cryosurgery in causing cell death.
